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ABSTRACT The purpose of this work was to analyze the efÞcacy of Bacillus thuringiensis Berliner
on the control of Phyllocnistis citrella Stainton (Lepidoptera: Phyllocnistidae) in laboratory and Þeld
trials. In the laboratory, four B. thuringiensiswere used: Dipel (commercial formulation) tested at the
concentrations of 25  106 and 25  108 spores/ml and the isolates K, 6, and 15 (collections of the
University of Azores) at the concentration of 25 106 spores/ml. A surfactant solution of nonoxinol
also was tested with or without the different suspensions of B. thuringiensis. Leaves of Citrus sinensis
(L.)Osbeckwith secondor third instars of leafminer larvaewereused in all tests. Bacterial suspensions
were applied topically on the surface of intact leafmines or by injection inside themine, near the head
of the leafminer. When injecting both concentrations of Dipel into the mines, mortality of the
leafminers increased compared with the topical application, although no signiÞcant differences were
observed.Theadditionof thenonoxinol to theDipel suspension, applied topically, increased theeffect
of B. thuringiensis, but differences were not signiÞcant. The mortality of the leafminers treated only
with the nonoxinol solution increased signiÞcantly 48 h after treatment, compared with the control
group, suggesting an insecticidal effect of this surfactant when used at a concentration of 0.01%. All
the tested B. thuringiensis were equally active against the leafminer, either when applied topically or
by mine injection. Field trials showed a signiÞcant difference between larval mortality of the control
group and the results observed at the trees treated with B. thuringiensis 48 h after treatments.
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THE LEAFMINERPhyllocnistis citrellaStainton(Lepidop-
tera: Phyllocnistidae) has long been a citrus pest of
general distribution throughout Asia. In the past 10 yr,
it rapidly invaded other areas and is now present in all
citrus-producing areas of the world (Heppner 1993,
HoyandNguyen1997,Legaspi et al. 1999,Garcia-Marõ´
et al. 2002). In theAzores, itwasÞrstdetectedonSanta
Maria Island in 1996 and was found all over the ar-
chipelago a short time later (Vieira 1997, Elias and
Soares 1998).
Females of the leafminers deposit eggs individually
on the adaxial or abaxial sides of young leaves (Amalin
et al. 2002,Garcia-Marõ´ et al. 2002).After hatching, the
larvae feed the leaf parenchyma, and pupation occurs
on the leaf margin, under a slight curl of the leaf (Del
Bene et al. 1998, Del Bene and Landi 1999, Chermiti
et al. 2001). The epidermis of the citrus leaf provides
substantial protection for leafminers and presents a
signiÞcant barrier to control by using chemical or
microbial insecticides (Smith and Hoy 1995, Shapiro
et al. 1998, Legaspi et al. 1999).
Bacillus thuringiensis Berliner subsp. kurstaki is the
bacterial insecticide most widely used for controlling
Lepidoptera larval populations (Broderick et al. 2000,
Lacey et al. 2001). It is safe formanynontarget insects,
and it has aminimal impact on the environment (Jyoti
and Brewer 1999). Because of the complexity of B.
thuringiensis, several biotic and abiotic factors can
have pronounced effects on the outcome of a control
application (Ali and Young 1993a, b; Ben-Dov et al.
2003). Because P. citrella is protected inside the mine,
Shapiro et al. (1998) suggested the use of an organo-
silicone surfactant because this solution can reduce
the surface tension and increase thepenetrationof the
B. thuringiensis suspension through the epidermis of
the citrus leaf.
In this study, we compared the effect of a commer-
cial formulation of B. thuringiensis (Dipel) and three
isolates of B. thuringiensis tested with or without a
nonionic surfactant (frequently used in agriculture),
applied by two different methods: topical and mine
injection. The effect of two different concentrations
of the commercial formulation of B. thuringiensis was
further tested in Þeld trials in a citrus grove.
Materials and Methods
B. thuringiensis.One commercial formulation of B.
thuringiensis subsp. kurstaki (Dipel, [serotype 3A 3B],
16,000 U.I./mg, wettable powder [WP], Bayer, Car-1 Corresponding author, e-mail: ziza@notes.uac.pt.
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naxide, Portugal), one B. thuringiensis subsp. kurstaki
(K), and the isolates 6 and 15 collected from soils in
Azores-Portugal. The Azorean collections are main-
tained under culture in the Department of Biology of
the University of Azores. Bacteria were grown on UG
medium according to Thiery and Frachon (1997).
Laboratory Experiments. Leaves containing ac-
tively feeding second or third instars of P. citrellawere
completely excised with petioles from Citrus sinensis
(L.) Osbeck trees. To keep the leaves turgescent dur-
ing the bioassay, each petiole was covered by wet
cotton and placed into a 9-cm-diameter petri dish.
Dipel was tested at the concentrations of 25  106
and 25  108 spores/ml and the isolates K, 6, and 15
were tested only at the concentration of 25  106
spores/ml. The lower concentration (25 106 spores/
ml) corresponds to that recommended for Dipel by
the manufacturer for the control of Lepidoptera. Sus-
pensions were made with or without the nonionic
surfactant nonoxinol (Molhante Aderente CUF, 250 g
[AI]/liter, emulsiÞable concentrate [EC], Agroquisa,
Lisboa, Portugal). The nonionic surfactant when
tested alone was used at the concentration recom-
mended by the manufacturer (0.01%); when tested
with B. thuringiensis,we added 1 volume of nonoxinol
solution (0.01%) to 99 volumes of each tested con-
centration ofB. thuringiensis.All bacterial suspensions
and control tests were done with sterile water.
A control group was performed using sterile water.
Toxicities of B. thuringiensis and of the agricultural
surfactant solution against P. citrellawere tested using
two methods: topical application that tests the pene-
trability and resulting mortality when suspensions
and/or solutions were applied to the surface of intact
leaf mines (with the epidermal barrier intact); and
mine injection that tests the mortality when suspen-
sions and/or solutions are directly applied within the
mines, circumventing the epidermal barrier. For the
topical bioassay, 4 l of the tested suspension or so-
lution was placed on the mine surface, directly above
the head of an actively feeding larva, without punc-
turing the mine. For the mine injection bioassay, 4 l
of tested suspension or solution was introduced into
the mine, by puncturing the leaf epidermis surround-
ing the head of the leafminer. All suspensions or so-
lutions were applied with a microliter syringe (10-l
Hamilton). For each test, 28Ð41 larvae were treated.
Thepetri dishes containing theC. sinensis leafwith the
treated larvae were placed at 21  1C under natural
daylight, corresponding to a photoperiod of 13:11
(L:D) h (Beck 1968). Larval mortality was recorded
24, 48, 72, and 96 h after treatments. Mortality of the
larvae was conÞrmed when individuals exhibited a
total lack of external or peristaltic movements when
probed.
Preliminary Field Experiments. These preliminary
experiments were carried out to conÞrm if the com-
mercial formulation of B. thuringiensis is able to con-
trol P. citrella under Þeld conditions, by using the
concentrations tested in the laboratory experiments.
Field experiments were done at Ginetes, south coast
of Sa˜o Miguel Island, in a C. sinensis plantation. All
trees had been pruned 2 yr earlier and were no1.80
m in height. Trees were in four rows, with four trees
each, a total of 16 trees within the plot. Distance
between rows and between trees was 5 m. The Þrst
row was used for the control (treated with sterile
water), the second row was not treated, the third row
was treated with the lower concentration of Dipel
(25 106 spores/ml) and, the fourth row was treated
with the higher concentration of Dipel (25  108
spores/ml). Treatments were performed only once
using a handheld atomizing spray gun. Each tree was
sprayed with 1 liter of the test solution. Forty-eight
hours after spraying, 30C. sinensis leaves containing at
least one leafminer larva were collected and immedi-
ately brought to the laboratory for observation under
a stereomicroscope. The number of alive and dead
larvae was record.
Data Analysis. Mortality data were tested by anal-
ysis of variance (ANOVA) for qualitative values.
When ANOVA showed signiÞcant differences (P 
0.05) among data sets, paired comparisons of each
mean were made using Sheffe´ tests (Zar 1996). When
analyzing differences between two data sets, t-tests
were used. All analyses were performed using SPSS
10.0 for Windows (SPSS Inc. 1999).
Results
Laboratory Trials. For both concentrations, when
injecting the leaf mines with Dipel, mortality in-
creased compared with the topical application; how-
ever, no signiÞcant differences were observed (Table
1). When the mines were injected with the nonoxinol
solution, an increase in the mortality was observed;
however, signiÞcant difference between treatments
was detected only 96 h after treatment (Table 1). For
the control group, no signiÞcant differences were ob-
served (Table 1).
The addition of the nonoxinol to theDipel solution,
applied topically, seems to increase the effect of B.
thuringiensis; nevertheless, no signiÞcant differences
were observed between treatments (Table 2). When
comparing the effect of the nonoxinol solution
(alone) with the control group, we observed a signif-
icant increase in the larval mortality just 48 h after
Table 1. Mortality (%) of P. citrella larvae at different times
after topical treatment of leaf mine or leaf mine injection (*) with
Dipel (25  106 spores/ml), Dipell (25  108 spores/ml), sterile
water (control), and the nonoxinol solution (surfactant)
Treatment n 24 h 48 h 72 h 96 h
Dipel 32 15.6a 56.3a 71.9a 93.8a
Dipel* 41 14.6a 75.6a 87.8a 97.6a
Dipell 30 33.3a 86.7a 96.7a 100.0a
Dipell* 32 48.4a 96.8a 100.0a 100.0a
Control 34 0.0a 0.0a 0.0a 0.0a
Control* 32 0.0a 0.0a 0.0a 3.1a
Surfactant 32 0.0a 21.9a 59.4a 75.0b
Surfactant* 32 3.1a 34.4a 75.0a 93.8a
In each group, means in each column followed by a different letter
are signiÞcantly different (P  0.05, t-test).
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treatment, suggesting an insecticidal effect of this ag-
ricultural surfactant when used at a concentration of
0.01% (Table 2).
No signiÞcant differences were observed between
leafminer mortality either caused by the tested solu-
tions of B. thuringiensis or by the interaction between
B. thuringiensis and the nonoxinol solution, when so-
lutions were applied topically (Table 3). Similar re-
sults were observed when applying the treatments by
direct injection, with the exception of the mortalities
caused by Dipel and isolate 15 that were signiÞcantly
higher than the observed with nonoxinol (Table 3).
Mortality caused by Dipel and by the isolates of B.
thuringiensis, 48 h after treatments (either by topical
or direct injection), was signiÞcantly higher than the
mortality observed in the control (Table 3).
Preliminary Field Experiments. A signiÞcant dif-
ference was observed between the mortality of the
leafminers from the control group and those at the
trees treated with Dipel. Leafminer mortality was sig-
niÞcantly higher when trees were sprayed with a
Dipel solution at 25  108 spores/ml compared with
trees treated at the lower concentration (25  106
spores/ml) (Table 4).
Results showthat the leafminerÕsmortalityobtained
in Þeld was signiÞcantly less than that observed in the
laboratory, when using the same concentrations of
Dipel (t3.806, df 63.743, P 0.001 for 25 108
spores/ml; and t  2.926, df  48.742, P  0.005 for
25 106 spores/ml). In laboratory, leafminer mortal-
ity was 86.7 and 56.3% for the Dipel concentrations of
25 108 and 25 106 spores/ml, whereas in the Þeld
the observed values were of 56.9 and 26.9%, respec-
tively.
Discussion
Laboratory experiments demonstrated that Dipel,
B. thuringiensis kurstaki (K) and the isolates 6 and 15
were effective against P. citrella larvae, indicating that
all are valuable candidates to control this pest. All the
tested bacterial suspensions caused larval mortality
50% within 48 h after treatment. Our results showed
that the tested B. thuringiensis were similarly active
against the leafmines, eitherwhen applied topically or
by injection, demonstrating that B. thuringiensis pen-
etrates into leaf mines killing the larvae, as observed
by Shapiro et al. (1998). Polanczyk et al. (2000), in a
study with different strains of B. thuringiensis against
the second instars of Spodoptera frugiperda (J.E.
Smith) (Lepidoptera: Noctuidae) observed a similar
mortality between B. thuringiensis aizawai and B. thu-
ringiensis thuringiensis and between B. thuringiensis
dendrolimus and B. thuringiensis darmstadiensis, sug-
gesting that these results could be related to the com-
position of crystals and their toxic potential. Follas
(1995)observed the same ina studywith twodifferent
strains ofB. thuringiensis against brassica lepidopteran
pests.
When comparing the activity of the commercial
formulation (Dipel) against the leafminer, we ob-
served an increase (although not signiÞcant) in the
mortality of the leafminers treated by direct injection,
compared with the topical application, regardless of
the tested concentrations. This Þnding can be ex-
plained by the protection given by the epidermis of
thecitrus leaf (SmithandHoy1995, Shapiroet al. 1998,
Legaspi et al. 1999).
The agricultural surfactant (nonoxinol solution)
tested in this study had two different effects on leaf-
minermortality. First, it had insecticidal activitywhen
applied alone against the leafminer at the recom-
mended concentration. Other surfactants, such as the
organosilicone products, are also recognized by their
direct or indirect toxicity to soft-bodied insects and
mites (Shapiro et al. 1998, Cowles et al. 2000). Second,
Table 2. Mortality (%) of P. citrella larvae at different times
after topical treatment with Dipel at 25 106 spores/ml with (D)
or without (D) the nonoxinol, sterile water (control), and the non-
oxinol solution (surfactant)
Treatment n 24 h 48 h 72 h 96 h
D 32 15.6a 56.3a 71.9a 93.8a
D 28 28.6a 78.8a 89.3a 100.0a
Control 34 0.0a 0.0b 0.0b 0.0b
Adherent 32 0.0a 21.9a 59.4a 75.0a
In each group, means in each column followed by a different letter
are signiÞcantly different (P  0.05, t-test).
Table 3. Mortality (%) of P. citrella larvae 24 and 48 h after
topical and direct injection treatments, with Dipel (D) and isolates
K, 6, 15 (all at 25  106 spores/ml) with nonoxinol solution
(surfactant) and with sterile water (control)
Treatment
Topical treatment Mine injection
n 24 h 48 h n 24 h 48 h
D 32 15.6a 56.3a 41 14.6a 75.6a
K 32 9.4a 50.0a 32 9.4a 59.4ac
6 33 3.0a 54.6a 32 9.4a 65.6ac
15 32 0.0a 56.3a 32 6.3a 75.0a
Surfactant 32 0.0a 21.9ab 32 3.1a 34.4bc
Control 34 0.0a 0.0b 32 0.0a 0.0b
F 2.603 9.539 1.389 15.704
df 5, 189 5, 189 5, 195 5, 195
P 0.027 0.001 0.230 0.001
ANOVA F, df, and P values.
Means in each column followed by a different letter are signiÞ-
cantly different (P  0.05, Scheffe´ test).
Table 4. Percentage of dead larvae of P. citrella 48 h after
treatment with Dipel at 25  108 (Dipell) and 25  106 spores/ml
(Dipel) in field experiments
Treatment n Dead larvae (%)
Dipell 125 56.90a
Dipel 101 26.88b
Control 135 5.08c
ANOVA
F 50.08
df 2, 86
P 0.05
ANOVA F, df, and P values.
Means in each column followed by a different letter are signiÞ-
cantly different (P  0.05 Scheffe´ test).
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it seems to increase the efÞcacy of the commercial
formulation of B. thuringiensis. That nonoxinol is a
nonionic surfactant can explain its use with pesticides
to help them to penetrate the plant cuticles (OÕBrien
2004). Other agricultural adjuvants are recommended
to control or to help the control of P. citrella, such as
the organosilicone surfactants (Shapiro et al. 1998)
and white mineral oil (Del Bene et al. 1998).
The tested Azorean isolates (6 and 15) were effec-
tive against P. citrella under laboratory conditions,
indicating that when formulated in an adequate man-
ner both can have a potential in the control of the
leafminer in Azores, avoiding the introduction of ex-
otic bacteria in the Islands ecosystems.
The signiÞcantly higher mortality of the leafminers
from the trees treated with B. thuringiensis in Þeld
trials suggests that the commercial formulation might
possibly be a solution for the control of P. citrella in
leaves of C. sinensis. In Cuba, B. thuringiensis is used
mainly in Þeld programs for the control of different
pests, such as P. citrella, as discussed by Vega (1999).
Nevertheless, more Þeld studies will need to be per-
formed to understand the effect of B. thuringiensis
against P. citrella and to determine the optimum tim-
ing of multiple applications.
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